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Double-stranded RNA (dsRNA) has recently been shown to trigger sequence-specific gene silencing in a wide

variety of organisms, including nematodes, plants, trypanosomes, fruit flies and planaria; meanwhile an as yet

uncharacterized RNA trigger has been shown to induce DNA methylation in several different plant systems. In

addition to providing a surprisingly effective set of tools to interfere selectively with gene function, these

observations are spurring new inquiries to understand RNA-triggered genetic-control mechanisms and their

biological roles.

As gene-transfer technologies have become common-
place, an increasing number of organisms have been

shown to exhibit potent and unexpected responses to

foreign nucleic acids. The ability of some transgenes to

silence the expression of homologous (chromosomal) loci

was first observed in plants 1 and has subsequently been

seen in nematode2
, fungal 3

, insect
4 and protozoan5 sys-

tems. Homology-dependent trans-silencing effects (see

Box 1 for glossary) have been divided into two categories

based on the nature of the effect on the target. In the first

category, transcription of the target locus is unaffected,

whereas the half-life of target RNAs is decreased dramati-
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cally
6-9

. Such processes have been called 'PTGS* (post-

transcriptional gene silencing). A second category of

homology-triggered processes exert their primary effect on

the chromatin template 10
, and have been termed 'TGS'

(transcriptional gene silencing). A striking feature of

PTGS, and of a subset of TGS phenomena, has been the

existence of RNA trigger molecules responsible for the

long-range effect of the transgene locus on the endogenous

gene. This article will attempt to describe some emerging

views, first of RNA-triggered PTGS and then of RNA-
triggered TGS, while highlighting the many mechanistic

questions that remain to be resolved.
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BOX 1 . A lexicon of gene-silencing effects

j
Antisense interference

Blocking the activity of genes by artificially providing complementary single-
j

strand antisense nucleic acid corresponding to the target gene.
;

;

J

\y

^

Cosuppression ;

•

;

.

; J;.: I ,

The ability of some transgenes to silence themselves a nd- homologous chro-
.j

;
mosomal loci simultaneously.

'*

.

:

•
'

•

.

j

dsRNA-tnggered interferen|e i^^^^p^S^I:; ..
-

. \

:

fx--%
\i 8 locking the activity of genes Iby artificially providing sense a n d i antisensej!

I

RNA corresponding to a target gene.

j
Homology-dependent trans silencing

: < t \

I
The ability of a n RNA or DNA trigger to silence a corresponding chromosomat ]

;
locus in trans (i.e. without any genetic linkage to the target iocus). ,

>^ -\

. Post-transcriptional gene silencing (PTGS)

;
The ability of some viruses, transgenes or RNAs to trigger the post-transcrip:

• tional degradation of homologous cellular RNAs. - v

Quelling ^ - '

: ;fj;

- :

r
1

-

fff
f A cosuppression phenomenon in Neurospora crassa. '\-'J-P' .^j
:

-. — "

• ^ ^ ;.•

Repeat-induced gene silencing (RIGS) ,
;
r

j

(Not discussed in this paper but included in this box fo^clarity.) ; I n genera 1 1|

\
RIGS refers to a localized (c^-actingKeffect, in which regions of tandemly

! repeated sequence: are silenced,^ frequently without silencing homologous
\

j

genes at other sites in the genome. '

.
.

.
: j

;
RNAi

. . ;.

*

; j J-

; The ability to block activity of a cellular gene by injection of homologous RNA
|

! (generally \i$e&\nCaenorhab(litis elegans). .

.-
.

'
'

.

' 'f&j

PTGS as part of a primitive immune system
In the real world, the genome of an organism must survive

in a hostile environment with dangerous opportunities for

unwanted gene expression and with parasites (transposons

and viruses) whose interests are distinct from those of the

host. This antagonism creates a need for global mecha-

nisms that limit aberrant or unwanted gene expression.

Mechanisms that are used for global genome surveillance are

likely to encompass such diverse phenomena as nonsense-

mediated mRNA decay 11
, intron requirements for mRNA

biogenesis 12
,

preferential methylation of transposon

sequences 13 and repeat-dependent silencing 54
, as well as the

RNA-triggered silencing processes described in this review.

In each case, a nucleic acid conformation that is not associ-

ated with normal gene expression is used by the organism

as a means to recognize potentially problematic situations;

in each case, one result is to block the production or

expression of potentially harmful RNAs.
The best-understood biological role for an RNA-triggered

silencing process comes from studies in plant systems, where

a series of observations now strongly implicate PTGS as an

antiviral mechanism. (1) Viral RNAs can be targets for PTGS
(Ref. 1). (2) Intercellular spreading of the PTGS effect allows

the plant to respond in a systemic manner after a localized

viral challenge (e.g. Refs 15-17). Intracellular spreading of

PTGS is thought to involve the direct dissemination of inter-

fering RNA in a form that is reserved for genetic interference.

Note that a similar spreading of the PTGS effect is also seen

in Cacnorhabditis elegans after extracellular delivery of

dsRNA (Refs 18-20). (3) Several different plant viruses pro-

duce proteins that can generally interfere with PTGS
(Refs 21-24). (4) Plant strains lacking PTGS are apparently

healthy under laboratory conditions2 1,22,25
. These strains were

made using transgenic technology to produce viral anti-PTGS

factors
21,22 or by direct genetic selection for lack of a PTGS

response25
. (5) Some viral infections are more harmful to

plants that lack an effective PTGS response21,22 .

Although these experiments clearly implicate PTGS in an

antiviral response, it is quite possible that roles will be found

in control of other genomic parasites, as well as in more

general aspects of cellular physiology.

Self versus non-self RNA: the nature of the PTGS
trigger

Cells survive by unimpeded expression of their own genes.

This implies that an RNA trigger for gene silencing

must be recognized as distinct from normal cellular RNA.
One potential character that might implicate RNA as

foreign would be a double-stranded structure26 ; double-

stranded RNA (dsRNA) is not a requisite product of nor-

mal gene expression but is produced (at least transiently)

by many viruses. Strikingly, exogenous dsRNAs can act as

potent triggers of PTGS in nematode9,18
, trypanosome8

,

insect27,28 and planarian29 systems. Measurements of

dsRNA potency in C. elegans and Drosophila indicate

that a few molecules per cell suffice to trigger a vehement

PTGS response9,27
. Two different methods that should

produce dsRNA in plants also provide reproducible trig-

gering of PTGS: (a) the simultaneous expression of sense

and antisense sequences corresponding to the desired tar-

get gene30 (or of an RNA hairpin30,31
) and (b) the simul-

taneous expression of a viral RNA replicase with a specific

single-stranded RNA (ssRNA) that has been engineered to

contain viral replication signals32
. (In the latter case, note

that dsRNA has been suggested but not proven as the key

feature in triggering PTGS.) Because these experiments

involve the deliberate introduction of aberrant RNA, they

leave open several questions regarding the general nature

of the PTGS trigger: (1) when and how dsRNA forms in

the cell; (2) whether the formation of dsRNA is always

sufficient to trigger a PTGS response; and (3) whether all

PTGS involves a dsRNA trigger.

One intriguing aspect of PTGS has been the ability of

transgenes that are designed to produce only sense or only

antisense RNA to act as triggers 1,2,7
. Low levels of dsRNA

might be produced in such cases, through the spurious

transcription of both strands of a transgene, or through

the transcription of inverted repeats that sometimes form

when transgenes integrate33 . As an alternative, it now
seems possible that cellular RNA-dependent RNA polym-

erase (RdRP) could be involved in producing RNAs that

can trigger PTGS. Although RdRP activity had been

observed in crude extracts from several different cell types,

details of the activity became clearer after an enzyme was
purified and cloned from Tomato 34,35

. Genetic studies in

Neurospora support the involvement of an RdRP in some
aspect of PTGS. Screens for the loss of PTGS response to

certain 'sense* transgenes led to the isolation of several

mutations, one of which has been shown to result from the

disruption of an RdRP-related gene3
*. Although the

Neurospora gene product has not yet been shown to

possess RdRP activity, the genetic and biochemical analy-

sis provides an exciting link between observations in the

different systems. The reaction catalyzed by the Tomato
RdRP in vitro is a relatively non-specific conversion of

TIG September 1999, volume 15, No. 9
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m

ssRNA to dsRNA. The in vivo specificity is likely to be

highly regulated, because general copying of all cellular

RNAs would wreak havoc. Analyses of the pattern of

'sense' and 'antisense' transgenes that are capable or

incapable or inducing PTGS have led to several models

for in vivo specificity for RdRP (Ref. 37). Characteristics

of sense transgenes that might trigger PTGS have been

proposed to include overproduction of normal RNAs,
specific intramolecular secondary structure, truncations

in RNA, and ineffective transcription or translation, all

of which have been cited. An enticing model is that these

conditions all lead, by some means (RdRP or symmetric

transcription), to the production of extended regions of

dsRNA.
Clearly, there needs to be tight control of any mecha-

nism producing a trigger for PTGS. The potent response

to dsRNA could pose problems for the organism, in that

the accidental production of a few antisense transcripts

for an important gene could provoke an unintended

PTGS response. At an evolutionary level, this would be

partially controlled by selection against cryptic opposite-

strand promoters. Even if some accidents occurred, the

combined synthesis of sense and antisense RNA in a sin-

gle cell does not guarantee the formation of an interfering

dsRNA. Formation of dsRNA depends on the ability of

the two strands to find each other and hybridize within

the dense environment of RNA-binding proteins that are

present in the cell, and on the ability of the resulting

duplex to resist enzymes that unwind, covalently modify,

or degrade duplex RNA. Additionally, some dsRNAs
might be less effective in triggering PTGS; in particular,

cells might have a strong interest in triggering PTGS from

foreign or aberrant dsRNA (which would signal infec-

tion) in preference to duplexes containing their own
mRNA. Consistent with this hypothesis are observations

in C. elegans (Ref. 18) and Trypanosoma brttcei (Ref. 8),

which demonstrate that triggering of PTGS by direct

introduction of foreign RNA requires that both the sense

and the antisense strands are provided exogenously, even

if a cell already has a substantial pool of naturally synthe-

sized sense mRNA. This is also true in plants30
,
although

high-level expression of sense and antisense RNAs from

distinct chromosomal sites can be sufficient, in this case,

to produce a PTGS response.

Can any RNA be a target of PTGS?
In each system examined, numerous mRNAs can be tar-

gets of dsRNA-triggered PTGS (Refs 8, 18-20, 27-31).

Characterized targets include newly synthesized (nuclear)

RNA (Ref. 9) and pre-existing cytoplasmic RNA (Ref. 8).

Targeting of some nuclear RNAs argues against the direct

involvement of the translational machinery, while the abil-

ity to target infecting viral RNA (Ref. 30) argues against

any linkage to DNA transcription within the cell.

Although sensitivity to dsRNA-triggered PTGS appears to

be the rule rather than an exception, there might be some
target RNAs that partially or fully resist PTGS (Ref. 20).

Similarly, some tissues might be partially resistant to the

effect (including some parts of the C. elegans nervous sys-

tem; J. Fleenor and A. Fire, unpublished). Further investi-

gation of resistant genes and cells could illuminate the

study of (a) tissue- and sequence-specific aspects of the

PTGS machinery, and (b) the distribution and properties

of enzymes that might degrade or unwind the dsRNA
trigger.

Because PTGS acts by decreasing the half-life of RNA,
the natural stability of an RNA will have a quantitative

influence upon its suitability as a PTGS target: naturally

stable RNAs are likely to be more dramatically affected,

whereas RNAs that are rapidly synthesized and degraded

might be less affected. Homeostatic regulation mecha-

nisms might also influence the final outcome of PTGS, in

that a decrease in final product could activate metabolic

compensation mechanisms that would partially restore

expression level.

Still a mystery: mechanisms for PTGS
The ability of a few molecules of dsRNA to eliminate a

much larger pool of endogenous mRNA (Refs 18, 27) sug-

gests a catalytic or amplification component to the inter-

ference mechanism. Some of the plant literature (e.g.

Refs 15, 30, 37) has favored an RNA-based copying sys-

tem that is proposed to produce copious amounts of anti-

sense RNA (while perhaps also producing additional sense

and dsRNA). Direct evidence for such copy RNA (cRNA)

has not been reported, although the role of an RdRP-
related gene product in 'sense'-induced PTGS in

Neurospora is certainly intriguing in this regard. Purified

RdRP from Tomato is not capable of copying a dsRNA
template in isolation 34

; nonetheless, it is reasonable to

assume that additional enzymes could help to unwind the

dsRNA product. As noted above, RdRP might alter-

natively (or also) contribute to PTGS at an earlier step

(generating dsRNA from aberrant or unwanted ssRNA).

In the absence of evidence for abundant cRNA copies of

triggering RNA, an alternative to amplification is also

considered. This model3 involves the formation of a cata-

lytic multi-round RNA-degradation machine from each

dsRNA molecule. These two models (not mutually

exclusive) are contrasted in Fig. 1.

To generate specificity, the initial interaction with tar-

get RNA is likely to involve hybridization, at least in a

limited region. In the cRNA model of Fig. la, this is

achieved by producing many copies of antisense RNA,
which then find target RNA by hybridization. If no direct

amplification is involved, then the original dsRNA must

participate directly in recognition, implying a partial

unwinding of the incoming RNA duplex.

After an RNA has been recognized as a PTGS target, the

next challenge is to explain its decay. Recent studies of

PTGS in tobacco have refined the proposal that an endo-

nucleolytic cleavage is a key step in degradation of the

target mRNA (Ref. 38). There are several ways that the

initial (hybridization-based) interaction could lead to such

an endonucleolytic cleavage. The least-complex model

would be direct cleavage by a dsRNA-specific nuclease.

Alternatively, the initial duplex might serve as a recogni-

tion site for an enzyme that then modifies the target RNA.
The best candidate for such a modification would be the

de-amination of adenosines to inosines, a reaction known
to be catalyzed in dsRNA regions by enzymes of the ADAR
family39 . Finally, it is possible that the effect of the initial

interaction with the target RNA is not a covalent change,

but a positional change (sequestering the target RNA to an

inhospitable region of the cell) or alteration to the spec-

trum of bound proteins. Whatever the initial act that modi-

fies the target RNA, its eventual (complete) degradation is

likely to require additional mechanisms. This might involve

a combination of PTGS-specific degradation pathways and

normal RNA decay mechanisms.

TIG September 1999, volume 15, No. 9
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FIGURE 1. Two models for post-transcriptional gene silencing

Is RNA-triggered chromosome modification

related to PTGS?
In several plant systems it has been shown that RNA-
triggered genetic silencing is accompanied by cytosine

methylation (at the DNA level!) for portions of the target

gene IS,4(M3
. The structural identity of the endogenous or

exogenous RNA that is directly responsible for triggering

the modification of DNA is not known in any instance;

this will be a major question of interest in the next few

years. Although viral replication complexes that include

dsRNA or inverted repeat transgenes are present in a num-
ber of these situations16,40 '42 '43

, it is conceivable that the

process is completely distinct from PTGS and results from

an independent interaction between the interfering RNA
and the template DNA (the 'two independent process'

model shown in Fig. 2a), A second model proposes one

type of causal relationship, with RNA-triggered methy-

lation of DNA causing aberrant transcription, and with

the resulting transcripts inducing PTGS (Fig. 2b). Conversely,

the methylation of target DNA sequences might happen as

a consequence of PTGS: this model proposes that degra-

dation products of the target mRNA (i.e. pieces of the tar-

get RNA produced by PTGS) would interact with the gene

(Fig. 2c). A related model would be one in which large

amounts of degraded RNA produced by PTGS might

hybridize to the corresponding DNA template, causing a

delay in replication that might be sufficient to induce a

heritable change in the activity state of the template.

If there are common components in PTGS and RNA-
triggered chromosome modification, it seems likely that

they will be identified by genetic analysis. In particular, it

will be interesting to know the molecular identity and role

of two genes in Arabidopsis that have effects on PTGS
and on transgene-triggered DNA methylation2 -5

.

For any model to account for sequence specificity in

RNA-triggered DNA methylation, some type of RNA-
DNA hybridization would be a likely component. From an

experimental perspective, an observer might expect to find

(1) heteroduplexes (perhaps transient) between DNA from

the affected region and aberrant RNAs and (2) an enzyme
that could recognize these heteroduplexes as substrates for

the methylation of cytosines (or other chromosome modi-

fication, such as histone deacerylation or binding of

repressive protein complexes). In cases where regions of a

target gene become methylated, what is this effect on gene

expression? This question adds a level of complexity,

because effects on expression will depend on the exact

positioning of methylated cytosines, relative to control

TIG September 1999, volume 15, No. 9
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FIGURE 2. Possible links between PTGS and RNA-triggered chromosome modification
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regions. The existing data from plants indicate that the

heaviest RNA-triggered DNA methylation is restricted

to sequences that are present in RNA (Refs 40-43). In

situations where the homology between trigger and target

is only within coding sequences, the methylation of the

target might leave promoters and enhancers unaffected,

with minimal consequent effects on expression. Under

these circumstances, a strong effect would require either:

(1) the presence of promoter or enhancer elements in the

coding region; (2) a mechanism to nucleate a spreading of

chromosomal modification from the coding region to

nearby enhancers and promoters (limited spreading has

been observed for viroid-induced DNA methylation in

Tobacco43
); or (3) the ability of methylation within coding

sequences to impede transcriptional elongation (this

has been shown for Neurospora) 44
. Strong effects on

gene expression would be expected for triggering RNA
populations that include promoter and/or enhancer

sequences; this was recently demonstrated in transgenic

Tobacco by Mette et al A
\ who showed that an active pro-

moter could be fnms-silenced by expression (from a sec-

ond transgene) of aberrant RNAs covering the promoter.

Whatever the mechanism and magnitude of the effect on
gene expression, a general ability of aberrant RNAs to

alter the original template could have utility in allowing a

chromosome to respond to the consequences of its actions

(in particular, the ongoing production of an aberrant

RNA).
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What is the evolutionary extent of RNA-triggered

genetic silencing?

Given the diverse phylogenetic positions of plants, nema-

todes, fungi, flies, planaria and trypanosomes, it seems

certain that the distribution of RNA-triggered genetic

silencing in the biosphere is extensive. Examples are likely

to accumulate as gene transfer (or RNA injection) is

attempted in additional organisms. The initial observation

will often be fr^ms-silencing by foreign or engineered

DNA. Frequently, the lack of a promoter in the incoming

DNA (or failure to find RNA transcripts) is taken as

evidence for lack of an RNA intermediate: this type of evi-

dence should be interpreted cautiously, because transgenes

are frequently transcribed at low levels on both strands

and a few molecules of dsRNA would rarely be detected in

these experiments. Some tazns-acting genetic effects are

definitively not triggered by RNA (e.g. transvection effects

in Drosophila triggered by DNA-DNA pairing45 ).

Nonetheless, it seems prudent to carefully consider a

possible RNA trigger (particularly dsRNA) as each

new homology-depcndem fraws-silencing phenomenon is

characterized.

Real-world applications: what about us?

Procedures based on RNA-triggered silencing are now
well-established tools for functional genomics of lower

organisms (plants, invertebrates and fungi). Valuable

information about gene function can be obtained, even in
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cases where only a partial loss-of-function is generated.

From a technical perspective, one could certainly hope

that RNA-rriggered silencing would exist in vertebrates:

this would facilitate functional genomics and might allow

medical applications involving targeted silencing of 'ren-

egade' genes. Although this hope is not ruled out by any

current data, the simple protocols used for invertebrate

and plant systems are unlikely to be effective. Mammals
have a vehement response to dsRNA, the best-character-

ized component of which is a protein kinase (PKR) that

responds to dsRNA by phosphorylating (and inactivating)

translation factor EIF2a (Ref. 46). As with nematode and

plant systems, mammalian cells can respond to extracellu-

lar dsRNA and, thus, might have a specific transport

mechanism to bring the dsRNA to the intracellular PKR
enzyme. Controlled-delivery studies suggest that a single

molecule of dsRNA within the cell can trigger an overall

cellular response47
. Any gene-specific dsRNA response in

mammals would need to exist in cells or conditions where

PKR is less effective, or would need to work in the shadow
of the PKR-induced global response. Nonetheless, a recent

report of co-suppression in mammalian cells43 , and the

implication of RNA triggers with a potentially double-

stranded character in a number of natural genetic inter-

ference processes (X-inactivation49 and imprinting50
)
sug-

gest the possibility that some components of RNA-
triggered silencing machinery could be conserved from

lower organisms.

Even if the underlying mechanisms are absent in mam-
mals, it is possible that RNA-triggered silencing will have

clinical applications. In particular, the ability to silence

essential parasite genes (thereby limiting a parasitic infec-

tion) could be of great value. Of course, the dsRNA would

have to be delivered so as to avoid harming the host. The

PKR system (although non-essential for survival in mouse

models46
) is sufficiently ubiquitous that interfering with it

might be counterproductive. An alternative would be to

find chemical modifications to the dsRNA that would still

enable it to function in gene-specific interference (e.g. in a

parasite), while not inducing the PKR response in the host.

Acknowledgements
I thank J. Fleenor, B. Harfe, J. Hsieh, M. Hsu, B. Kelly,

S. Kostas, M. Krause, D. Lipman, K. Liu, C. Mello,

M. Montgomery, P. Newmark, M. Park, S. Parrish,

A. Sanchez, P. Sharp, H. Tabara and L. Timmons for

many informative discussions, and the NIH (GM37706)
and Carnegie Institution for research support.

References

t Vaucheret, H. etal. {1998) Transgene-induced gene silencing

in plants. Plant J. 16, 651-659

2 Fire, A. etal. (1991) Production of antisense RNA leads to

effective and specific inhibition of gene expression in

C. elegans muscle. Development 113,

503-514

3 Romano, N. and Macino, G. (1992) Quelling: transient

inactivatton of gene expression in Neurospora crassa by

transformation with homologous sequences. Mot. Microbiol. 6,

3343-3353

4 Pal-Bhadra, M. era/. (1997) Cosup press ion in Drosophila:

gene silencing of alcohol dehydrogenase by white-Adh

transgenes is polycomb dependent. &//9Q, 479-490

5 Ruiz, F. et al. (1998) Horn ology-de pendent gene silencing in

Paramecium. Mot. Biol. Ce//9. 931-943

6 de Carvalho, F. etal. (1992) Suppression of p-l,3-glucanase

transgene expression in homozygous plants. EMBOJ. 11,

2595-2602

7 Cogoni, C. etal. (1996) Transgene silencing of the al-l gene

in vegetative cells of Neurospora is mediated by a cytoplasmic

effector and does not depend on DNA-DNA interactions or DNA

methylation. £WS0/ 15, 3153-3163
•

8 Ngo, H. etal. (199S) Double-stranded RNA induces mRNA
degradation in Trypanosoma brucei. Proc. Natl. Acad. Sci.

U. S. A. 95, 14687-14692

9 Montgomery, M. et al. (1998) RNA as a target of

double-stranded RNA-mediated genetic interference in

Caenorhabditis etegans. Proc. Natl. Acad. Sci. U. S. A. 95,

15502-15507

10 Matzke, M.A. etal. (1989) Reversible methylation and

inactivation of marker genes in sequentially transformed

tobacco plants. EMBOJ. 8, 643-649

U Culbertson, M. (1999) RNA surveillance. Unforeseen

consequences lor gene expression, inherited genetic disorders

and cancer. Trends Genet. 15, 74-80

12 Huang, M. and Gorman. C. (1990) Intervening sequences

increase efficiency of RNA 3' processing and accumulation of

cytoplasmic RNA. Nucleic Acids Res. 25, 937-947

13 Yoder, J. et al. (1997) Cytosine methylation and the ecology of

intragenomic parasites. Trends Genet. 13,

335-340

14 Henikoff, S. (1998) Conspiracy of silence among repeated

transgenes. BioEssays 20, 532-535

15 Jofgensen, R. et al. (1998) An RNA-based information

superhighway in plants. Science 279. 1486-1487

16 Jones, A. etal. (1998) De novo methylation and co-

suppression induced by a cytoplasm ica I ly replicating plant

RNA virus. EMBOJ. 17, 6385-6393

17 Voinnet, 0. etal. (1998) Systemic spread of sequence-specific

transgene degradation in plants is initiated by localized

introduction of ectopic promoterless DNA. Ce/795,

177-187

1 8 Fire, A. ef al. (1998) Potent and specific genetic interference

by double-stranded RNA in Caenorhabditis elegans. Nature

391,806-811

19 Timmons, L. and Fire, A. (1998) Specific interference by

ingested dsRNA. Nature 2%, 854

20 Tabara, H. etal. (1998) RNAi in C. elegans-. Soaking in the

genome sequence. Science 282, 430-431

21 Anandalakshmi, R. etal. (1998) A viral suppressor of gene

silencing in plants. Proc. Natl. Acad. Sci. (J. S. A. 95,

13079-13084

22 Kasschau, K. and Carrigton, J. (1998) A counterdefensive

strategy of plant viruses-, suppression of posttranscriptionat

gene silencing. &//95, 461-470

23 Beclin, C. et al. (1998) Infection of tobacco or Arabidopsis

plants by CMV counteracts systemic post-transcriptional

silencing of nonviral {trans) genes. Virology 252,

313-317

24 Brigneti. G. et al. (1998) Viral pathogenicity determinants are

suppressors of transgene silencing in Nicotinia benthamiana.

EMBOJ. 17, 6739-6745

25 Elmayan, T. et al. (1998) Arabidopsis mutants impaired in

cosuppression. Plant Cell 10, 1 747-1 757

26 Ratcfiff, F. et al. (1997) A similarity between viral defense and

gene silencing in plants. Science 276, 1558-1560

27 Kennerdell, J. and Carthew, R. (1998) Drosophila frizzled and

frizzted2azt in the wingless pathway as determined by

dsRNA-mediated genetic interference. Cell%,

1017-1026

28 Misquitta, L. and Paterson, B. (1999) Targeted disruption of

gene function in Drosophila by RNA interference (RNA-r): a role

for nautilus in embryonic somatic muscle formation. Proc.

Natl. Acad. Sci. U. S. A. 96, 1451-1456

29 Sanchez-Alvodoro, A. and Newmark, P. (1999) Proc. Natl.

Acad. Sci. U. S. A. 96. 5049-5054

30 Waterhouse, P. etal. (1998) Virus resistance and gene

silencing in plants can be induced by simultaneous

expression of sense and antisense RNA. Proc. Natl. Acad. Sci.

U.S.A. 95,13959-13964

31 Hamilton, A. et al. (1998) A transgene with repeated DNA

causes high frequency post-transcriptional suppression of

ACC-oxidase gene expression in Tomato. Plant). 15,

737-746

32 Baulcombe, D. (1999) Fast forward genetics based on

virus-induced gene silencing. Curr. Opin. Plant Biol. 2,

109-113

33 Fire, A. and Montgomery, M. (1998) Double-stranded RNA as a

mediator in sequence-specific genetic silencing and

co-suppression. Trends Genet. 14, 255-258

34 Schiebel, W. etal. (1993) RNA-directed RNA polymerase from

Tomato Leaves. / Biol. Cbem. 268,

11851-11867

35 Schiebel, W. etal. (1998) Isolation of an RNA-directed RNA

polymerase-specific cDNA clone from tomato. Plant Cell 10,

2087-2101

36 Cogoni, C. and Macino, G. (1999) Gene silencing in

Neurospora crassa requires a protein homologous to

RNA-dependent RNA polymerase. A/afore 399,

166-169

37 Wassenegger, M. and Pelissier, T. (1998) A model for

RNA-mediated gene silencing in higher plants. Plant Mol. Biol.

37, 349-362

38 van Eldik, G. etal. (1998) Silencing of 0-l
t3-glucanase genes

in tobacco correlates with an increased abundance of RNA

degradation intermediates. Nucleic Acids Res. 26,

5176-5181

39 Bass, B. et al. (1997) A standardized nomenclature for

adenosine deaminases that act on RNA. RNA 3,

947-949

40 Wassenegger, M. etal. (1994) RNA-directed de novo

methylation of genomic sequences in plants. Ceil lb,

567-576

41 Ingebrecht, I. etal. (1994) Post-transcriptional silencing

of reporter genes in tobacco correlates with DNA

methylation. Proc. Natl. Acad. Sci. U. S. A. 91,

10502-10505

42 Mette, M. et at. (1999) Production of aberrant promoter

transcripts contributes to methylation and silencing of

unlinked homologous promoters in trans. EMBOJ. 18,

241-248

43 Pelissier, T. et al. (1999) Heavy de now methylation at

symmetrical and non-symmetrical sites is a hallmark of

RNA-directed DNA methylation. Nucleic Acids Res. 27.

1625-1634

44 Rountree, M. and Selker. E. (1997) DNA methylation inhibits

elongation but not initiation of transcription in Neurospora

crassa. Genes Dev. 15, 2383-2395

45 Wu, C-T and Morris, J. (1999) Transvection and other

homology effects. Curr. Opin. Genet. Dev. 9, 237-246

46 Clemens, M. (1997) PKR-a protein kinase regulated by

double-stranded RNA. Int. J. Biochem. Ceil Biol. 29,

945-949

47 Marcus, P. (1983) Interferon induction by viruses: one

molecule of dsRNA as the threshold for interferon induction.

Interfemnb, 115-180

48 Bahramian, M. and Zarbl, H. (1999) Transcriptional and

post-transcriptional silencing of rodent alpha 1(1) collagen by

a homologous transcriptionally self-silencing transgene. Mol.

Cell. Biol. 19, 274-283

49 Lee, J. et al. (1999) Tsix, a gene antisense to Xist at the

X-inactivation centre. Nat. Genet. 21, 400-404

50 Wutz, A. etal. (1997) Imprinted expression of the Igtlr gene

depends on an intronic CpG island. Nature 389,

745-749

TIG September 1999, volume 15, No. 9 I E£)


